The temperature dependence of piezoelectric resonance frequency, dielectric, and piezoelectric properties of (65-x)[Pb(Mg 1/3 Nb 2/3 )O 3 ]-xBaTiO 3 -35PbTiO 3 (x ¼ 0, 1, 2, 3) ceramics has been investigated. Sample compositions with x ¼ 2 and 3 were found to exhibit a large piezoelectric response. Particularly, d 31 value was nearly a constant over a temperature range from 150 to 325 K. A broad ferroelectric phase transition tuned by BaTiO 3 ratio in the sample was deduced from the dielectric constant, piezoelectric resonance frequency, and Raman spectra. The temperature dependence of the Raman modes wavenumber positions and intensities provides a clear evidence for the occurrence of the phase transition. The temperature-stable piezoelectric response was attributed to the counter-balance of contributions from the dielectric and elastic responses. V C 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
The piezoelectric effect, which is the linear electromechanical interaction between the mechanical and the electrical behavior, has been employed widely in workable devices. As examples, application in strain-dependant actuators and charge-dependant sensors requires large and temperature independent piezoelectric coefficients within a wide temperature range. Generally, the piezoelectric properties depend drastically on the temperature due to the existence of polarization changes, 1 phase transitions, 2 continuous freezing 1 of charges within domain walls, and/or domain walls motion's freezing. [3] [4] [5] [6] Hard doping, which reduces extrinsic contributions, is considered as an effective way to achieve temperature-stable piezoelectric properties in the case of Pb(Zr x Ti 1Àx )O 3 (PZT) based ceramics. 3, 5, 7 However, such procedure displays a major drawback, that is, the dielectric and piezoelectric activities of the doped ceramics are reduced dramatically at the working temperature.
Pb(Mg 1/3 Nb 2/3 )O 3 (PMN)-xPbTiO 3 (PT) based materials have attracted considerable interests over the past decade owing to their ultrahigh piezoelectric response (d 33 > 1500 pC/N, k 33 > 95% for PMN-PT crystal 8 ) at near room temperature in comparison with that of PZT ceramics. One of the main mechanisms of their high-performance piezoelectricity is believed to be the instability of the polarization at morphotropic phase boundary (MPB) due to their flat energy profile. Recently, several monoclinic (M) phases have been discovered in the composition close to MPB by Raman, 9 synchrotron x-ray powder diffraction, 10 and by powder neutron diffraction. 11 The monoclinic-tetragonal M-T phase transition shows broad features 11 due to the coexistence of two ferroelectric phases within a wide temperature range. Moreover, the critical temperature shifts down to lower temperatures while the composition of coexisting phases tend to be closer to T-stable region. In the present work on PMN-BaTiO 3 (BT)-PT systems, the composition of BT is expected to adjust the phase transition regime.
The Raman spectra has been performed in piezoelectric materials, such as BT, 12 PZT, 13 PMN-PT, 9, 14 in order to characterize the phase transitions which alter the vibrational properties of the structures and in turn alter their Raman spectra. Indeed, splitting of Raman lines, frequency shifts, line-width, and intensity changes is the typical signature of structural transitions. In PMN-PT materials, both at high and low temperatures, their Raman modes show very broad and overlapping bands. Quantitative analysis is required to determine the phase transition as was achieved by Slodczyk et al. Similarly, Ahart et al. 15 pointed out the intensity change with pressure-dependent ferroelectric phase transition. On the other hand, polarized micro-Raman spectroscopy is quite useful to investigate a localized area in the probed sample with a spatial resolution of the order of lm. This experimental approach is a very efficient tool to study phase transitions in polycrystalline materials and gives additional insights on the broad phase transition regime. This opportunity will be exploited in the PMN-BT-PT systems with representative compositions. The main motivation lies in exhaustive analysis of the M-T phase transition combined with the thermal evolution of the piezoelectric properties. Raman experiments, piezoelectric strains, and dielectric features will be determined and analyzed with the aim to clarify the role of the broad phase transition regime on the piezoelectric properties. 
II. EXPERIMENTS
The ceramics with the compositions (65-x)PMN-xBT-35PT (x ¼ 0,1,2,3) have been prepared by conventional solid-state reaction methods. The pure structure sample with silver electrodes was poled in the silicone oil at 335 K under a directive electric field of 3 kV/mm and then cooled down to room temperature under the electric filed. To measure piezoelectric strain, laser vibrometry 16 was used, as schematically shown in Fig. 1 . Poled samples (10.5 L Â 2.5 W Â 1 H mm) were placed into nitrogen cryostat (CIA, American). The temperature was regulated by a temperature controller (Lakeshore Model 335, American). The laser beam from the vibrometer (Politec sensor head OFV-552 and OFV-5000 Modular Vibrometer Controller) passed through a quartz window and was focused on the side of the sample (31 mode). Displacements induced by the converse piezoelectric effect were obtained according to the so-called Difference Doppler Technique with a precision of 61 pm. A sinusoidal AC voltage of 2 V V p-p at a frequency of 10 kHz was used as input signals. Strain data were obtained upon heating at a step size of 10 K over a temperature range from 77 to 315 K. The piezoelectric resonance f r and antiresonance f a frequencies were measured in the planar mode (sample size: U15 Â 0.5 mm) by finding out the maximum and minimum value of impedance as a function of frequency using Agilent HP4294A impedance analyzer. Dielectric properties were measured by NOVOCONTROL Alpha-A BroadBand Dielectric Spectrometer, Germany.
The Raman spectra in the 25-1150 cm À1 range were collected by using a T64000 Horiba-Yvon-Jobin multichannel triple monochromator spectrometer, under microscope (micro-Raman, backscattering VV geometry) with X50LF objective and 300 lm confocal hole. The 514 nm radiation from an argon ion laser was chosen as excitation line with 200 mW power (about 12 mW on the sample). The measurements were performed upon heating at 83 K, 108 K, and temperatures ranging from 133 to 373 K with a 20 K interval (Linkam FCDS196, UK). The Labspec software program was used to deconvolute overlapping modes and to determine the characteristic parameters of lines, such as integrated intensity, full width at half maximum, and peak position.
III. RESULTS AND DISCUSSION

A. Evolution of piezoelectric constant with temperature
Accurate measurements of the piezo-displacement induced by the converse piezoelectric effect were performed on the piezoelectric 31 mode due to its high values. The experimental setup allowed in-situ measurements from 77 K to 315 K. The piezoelectric constant was deduced according to the following relation:
where S represent the strain, E the electric field, V the electric voltage, Dl the displacement, l the sample length, and t the sample thickness. The obtained piezo-displacements (Dl) and the calculated piezoelectric constants (d) are shown in B. Piezoelectric resonance frequency Fig. 3 shows the variation of impedance vs. frequency, and piezoelectric resonance frequency (f r ) for poled samples during a heating run from 120 to 360 K. Clearly, a welldefined minimum can be seen on the f r curves for all the samples. Broad shapes around the minimums and net shifts are gradually noticed toward low temperatures for the resonance frequency with enhanced effect with the BT (x) content. According to electro-mechanical theory of piezoelectric vibration, 17 f r is a measure of the elastic modulus E l of the material (f r / E l 1/2 ). For normal solids, f r or E l is expected to increase upon cooling. The existence of f r minimum suggests that the PMN-BT-PT ceramics undergo structural phase transitions in this temperature range, where acoustic lattice ceramics that the ferroelectric phase transition exhibits pronounced anomalies in the temperature dependence of f r . It has also been evidenced by Singh et al. 11 that the ferroelectric phase transition temperature can be precisely determined from the change on the temperature evolution of f r . Another feature to be stressed is that the sample shows increasing ability for deformation while cooling above the f r critical point due to pre-transition effects.
C. Dielectric properties Fig. 4 shows the thermal evolution in the range 120 K to 520 K for the real part of dielectric permittivity e 0 (a) and the dielectric losses (b) for poled samples with different compositions (x). To enhance the amplitude of thermal changes on the dielectric permittivity, the reciprocal part of e 0 was plotted in Fig. 4(a) . Thus, all the samples show high dielectric permittivity and low dielectric loss. Significant singularities were evidenced around 440 K in both permittivity and the dielectric loss for all samples. They are ascribed to phase transition from cubic to tetragonal phase. Note that irrespective to the sample composition (x), T m remains nearly unchanged. Below the T-C structural phase transition temperature, the samples show a stage-like dielectric anomaly. With increasing x, this dielectric anomaly shifts to lower temperature accompanied by the smearing of dielectric stage. Remarkably, such dielectric anomalies occurred at the critical temperature where minimum of piezoelectric frequency f r appears, indicating also the existence of broad phase transition. However, there is no obvious anomaly in dielectric loss curves. A possible reason lies in the broad ferroelectric phase transition being accompanied by extremely small lattice distortions with minor changes in polarization, and accordingly, very weak dielectric losses. Below 150 K, we observed an increase in dielectric losses and this effect is as high as the BT content (x) in the samples. It was reported earlier that a relaxation exists due to the freezing of domain wall motions 19 and/or the charges within domain walls 1 at around 100 K. The dependence of the losses on the x parameter suggests that the interfaces or domain walls are affected by the BT content.
D. Micro-Raman studies
Raman spectra were recorded on the poled samples PMN-BT-PT with different x parameters and at different temperatures 83, 173, 253, and 333 K (Fig. 5) . One can see that the spectra are slightly dependent on the composition (x) and consist in several broad bands observed in the whole considered temperature range. A systematic analysis of the thermal evolution of Raman spectra was recorded on the x ¼ 1 sample between 83 K and 333 K (Fig. 6) . The main features of the Raman bands (intensity, wavenumber position, and width) undergo noticeable changes with decreasing the sample temperature. However, it seems not possible to determine the phase transition temperature with qualitative analysis because there is no sharp change, such as peaks splitting and/or marked wavenumber shifts.
Before to proceed in exhaustive analysis of the spectra, it is relevant to correct the thermal contribution to the experimental (first order) Raman spectra. Denoting r Raman , the (first order) Raman frequency (in cm À1 ), one can write 
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where n is the Bose-Einstein population factor. Hence, to eliminate the thermal contribution, it is necessary to divide the spectra by ( nþ1), i.e.,
where k is Boltzmann constant, h is Planck constant, c is light velocity in the vacuum, and the temperature T in Kelvin.
Quantitative numerical adjustments of Raman spectra determine the temperature dependence of the active Raman mode frequencies, the relative intensities, and the line widths. From these evolutions, the occurrence of the phase transitions can be pointed out through defined singularities. According to group theory analysis, 9 there are 12 Raman active modes classified as 8A 1 and 4A 2 for the monoclinic structure (Pm), while only 8 Raman modes classified as 3A 1 , B 1 , and 4E are predicted for the tetragonal structure (P4mm). However, only 11 Raman lines are observed in the whole temperature range investigated. The differences between the numbers of observed and theoretically predicted modes can be explained by the fact that PMN-PT is a highly disordered and inhomogeneous material. This disorder causes the broadening of the Raman lines and this together with the overlapping makes it impossible to distinguish all of them without reliable fitting. In this aim, we proceed carefully by comparing the assignments of PT 20 and PMN-PT 9,15,21 in many previous reports. Eleven lines with Gaussian line shape were used to fit the Raman spectra of all the samples. An example of deconvoluted spectrum for the x ¼ 1 sample is shown in Fig. 7 . Note that the contributing lines were maintained with the same features even in the phase transition regime. The observed changes on line features monitor the onset of phase transition. Fig. 8 shows the temperature and composition dependence of Raman intensity ratio of (I 746 þ I 800 )/I 521 . The modes at 746 and 800 cm À1 were selected for reference because both of them are from O-breathing and their intensities are relatively temperature-independent. The intensity of mode at 521 cm À1 found by Ahart et al. 15 was very sensitive to pressure-dependence structural phase transition. Thus, a significant change of the intensity ratio was shown gradually for all the samples in the temperature range between 300 K and 200 K. Such thermal evolution has been used to determine the M-T phase transition for PMN-PT based materials in several previous reports. 9, 21, 22 There is a marked change that extends over a large temperature range: the first feature can be considered as a manifestation of the phase transition, and the second as a consequence of phase coexistence. Indeed, the selected Raman mode exhibits intensities that are proportional to the volume fraction of the superimposed phases. The change of intensity ratio evolution over a temperature range from 200 K to 300 K, witnesses the coexistence of two ferroelectric phases.
The temperature and composition dependence of Raman line frequency at about 277 cm À1 are plotted in Fig. 9 . There is an obvious jump in the temperature range of the phase transition. In general, the frequencies of particular lines do not vary so much for the studied PMN-PT materials. However, some line positions exhibit small temperature sensitivity. Here, this narrow Raman line was selected because it is associated with octahedral tilting, and in turn sensitive to phase transition. Similar results were also reported in Ca modified BT ceramics, 12 where the Raman line frequency at 277 cm À1 jumped near O-T phase transition. Remarkably, the temperature region where marked changes in line frequency shift as well as Raman intensity ratio occur coincides with that over which the piezoelectric resonance frequency anomaly occurs.
We also tried to analyze the low wave-number behavior of Raman spectra (Fig. 10) . The intensity ratio of the mode at 58 cm À1 and that at 100 cm À1 is plotted in Fig. 11 . One can see that the intensity ratio of the two modes shows a significant change at around 200 K for all the samples. The low wave-number Raman spectra (<150 cm
À1
) are from the Pb-BO 6 stretching modes.
14 Lead 6s and oxygen 3p states have been found to be strongly hybridized. 23 At high temperature, there is usually a disorder of positions for Pb atoms which are randomly distributed over a sphere centered on a Pb atom special site. When the temperature is lowered, lead would be off-centered. 11, 24 For a tetragonal structure of PMN-BT-PT, if the Pb ion is close to one oxygen, such offcentered displacements would naturally cause monoclinic distortion as seen in the insert of Fig. 11 .
E. Discussion
According to the studies on piezoelectric resonance, dielectric properties, and Raman spectra, the features of M-T phase transition in the curved MPB region were pointed out. As BT increases, the M-T phase transition shifts from 320 K to 225 K, and it broadens. We believe that the difference of temperature dependence of piezoelectric constant lied in the structural phase transition. For the sample with x ¼ 0, the phase transition mainly occurs at around 320 K and the dielectric permittivity decreases accompanied by the lattice hardening while decreasing temperature. As a consequence, continuous decrease in piezoelectric constant occurs upon cooling. For the sample with x ¼ 1, the phase transition is shifted to 300 K and the material exhibits a higher and relatively temperature-independent piezoelectric coefficient near room temperature. For the sample with x ¼ 2 and 3, the broad M-T phase transition occurs at temperatures lower than 225 K leading to flattening of the dielectric response and softening of the lattice at low temperatures. The dielectric and elastic responses have the same order of magnitude but with opposite contributions, give rise to a nearly temperature independent piezoelectric coefficient within a wide temperature range. All the samples reach the same value of piezoelectric coefficient at around 77 K. Moreover, the dielectric losses showed an increase below 150 K (relaxation). Such features could be ascribed to the freezing of domain walls motion and/or the charges within head-to-head and tail-to-tail domain walls. 25, 26 The freezing effect would reduce the extrinsic contributions to piezoelectric and dielectric properties only intrinsic piezoelectric properties are involved in all samples at low temperatures.
IV. CONCLUDING REMARKS
In summary, we investigated the broad phase transition and temperature evolution of piezoelectric responses in (65-x)PMN-xBT-35PT ferroelectrics. The Raman studies provided a clear evidence for the occurrence of M-T phase transition at modulated temperature with respect to the composition (x) of the samples. In a defined temperature range 150 K-325 K, a large and temperature-independent piezoelectric coefficient was achieved for the x ¼ 2 and x ¼ 3 samples. The main mechanisms lie in the pre-transition effects contributing to counter-balance of contributions from the dielectric and elastic responses.
